were superior to CT for reducing sediment and associated particulate nutrient discharge. Mean annual discharge ranged from 230 to 15 900 kg ha-' for sediment, 1 to 27 kg ha-' for total N, and 0.1 to 6 kg ha-' for total P. Irrespective of tillage practice, annual soluble nutrient losses in surface runoff water tended to be small, often < 1 kg ha-' N or P. Successful prediction of soluble P, particulate P, and particulate N losses was achieved using appropriate kinetic desorption and enrichment ratio procedures. Soluble N in runoff posed no particular water quality problem, but recommended P levels were exceeded, even from baseline, unfertilized grassland watersheds. With regard to groundwater quality, elevated levels of NO (e.g., 34 mg N L' maximum) were observed on one Reddish Prairie NT watershed. C ONSERVATION OR REDUCED TILLAGE WHEAT cultural practices continue to increase in usage (Christensen and Norris, 1983; Follett et al., 1987) . These practices, which maintain wheat residues at or near the soil surface, can reduce seedbed preparation time, enhance soil conservation, and increase soil profile water storage during the summer fallow period (Johnston et al., 1981; Unger and McCalla, 1980) . Consequently, these practices have several attractive features from an agronomiá standpoint. Adoption of the practices, however, has created a concurrent need for more detailed information on associated surface runoff and groundwater quality (Crosson, 1981) . Relative to the more humid areas, water quality information regarding conservation tillage in the Southern Plains is particularly sparse. The few studies to date, have considered water quality impacts only in a general sense (e.g., Berg et al., 1988; Smith et al., 1987) . Moreover, studies encompassing the combined effects of tillage on both surface runoff and groundwater quality are lacking. In the present study, surface and groundwater quality impacts associated with wheat cultural practices are considered for the High Plain, Reddish Prairie, and Rolling Red Plain land resource areas (Soil Conservation Service, 1981) of Oklahoma and Texas.
MATERIALS AND METHODS

Watersheds
Pertinent information about the 10 wheat watersheds and their management is noted in Table 1 . They provide a good 1984-1988 5 1984-1988 12 1978-1980 4 1980-1985 44 1980-1982 10 1984-1988 representation of the land resource areas and include a range of soils, slopes, and treatments. The watersheds were in dryland, continuous wheat, except at Bushland. There, a dryland wheat-sorghum (Sorghum bicolor (L.) Moench)-fallow rotation was maintained, with only the wheat component each year considered. Size of the watersheds varied from 0.5 to 3 ha, and periods of study were 4 to 6 yr. Fertilizer was applied at the fall planting and additional N applications were surface broadcast in late February or early March according to soil tests, except at Bushland where fertilizer was not required or applied. Annual N and P rates ranged from 56 to 95 kg N ha-' and 0 to 23 kg P ha-1 , respectively, on the fertilized watersheds. Manner of annual wheat harvest reflected an area's general crop-livestock situation, with wheat being grazed out in some years, and harvested for grain in others. Grain yields ranged from 700 to 4 800 kg ha-' and, usually, RT and NT yields were comparable to those for CT. Japanese brome grass (Bromus japonicus Thunb. ex Murray), however, was a particular problem on the El Reno and Woodward NT watersheds. Included also, in Table 1 , are adjacent or nearby unfertilized, native grass (NG) watersheds to represent a baseline noncropped situation. Wells used for groundwater sampling were typically installed in the direction of flow down the center of the watershed, with water table depths ranging from 3 to 20 m. The wells were cased, lidded, and the upper 2 to 6 m were sealed with cement or bentonite slurry to prevent direct surface inflow. Wells were not installed on the Bushland watersheds, because the depth to water table exceeds 60 m. Additional information about the watersheds and wells may be found in earlier publications (Smith et al., 1983 .
Field Measurement and Sampling
Watershed runoff was measured using precalibrated flumes equipped with water level recorders. Sediment discharge was determined from suspended sediment concentrations in samples taken automatically during each runoff event. After comparison with the runoff hydrograph, samples for a particular watershed were composited in proportion to total flow to provide a single-event representative sample of liquid and sediment for chemical analysis. The watershed wells were sampled by hand, and usually on a seasonal basis. The wells were bailed 1 d prior to sampling, to ensure samples represented aquifer water. All runoff and well samples were refrigerated at 4 °C from collection until analysis.
Triplicate soil samples were taken in February 1990, on the NT watershed at El Reno. Five centimeter diameter cores were obtained in 30-cm increments to the 180-cm soil depth, with the aid of a hydraulic sampler. Individual core increments were air dried, subsequently extracted with 0.01 M Cad 2 ( 10 9 soil 100 mL' extractant), and analysis for NO was made by a microdiffusion technique (Stanford et al., 1973) .
Laboratory Analyses
Sediment concentrations were determined gravimetncally after removal of liquid from runoff samples. Aliquots of the composited runoff samples were centrifuged and filtered through 0.45-,um filters prior to soluble nutrient analysis. Particulate nutrients were determined on unfiltered composite runoff samples.
Chemical analyses for NO3-N, NH-N (soluble), and Kjeldahl N (TKN) were conducted using standard automated methods described in Methods for Chemical Analysis of Water and Wastes (USEPA, 1979) . Kjeldahl N represents primarily organic N, but includes any NH-N present. Particulate N (PN) was calculated as the difference between TKN and NH-N (soluble). Soluble P (SP) was determined by the color metric method of Murphy and Riley (1962) and total P (TP) by digestion of unfiltered samples with perchloric acid (O'Connor and Syers, 1975). Particulate P (PP) was calculated as the difference between TP and SP. Conductivity and pH were determined electrometrically.
Nutrient concentrations for runoff are reported as flowweighted means. Nutrient discharge from individual storms was summed to calculate annual discharges. The U.S. Environmental Protection Agency publications (1973, 1976) were used as guides for water quality standards.
Statistical Analysis
Statistical significance among watersheds for a location was determined using Duncan's multiple range test of the SAS Analysis of Variance (ANOVA) routine (Barr et al., 1979) . Measured and predicted nutrient discharge in runoff was compared using linear regression, analysis of variance for paired data, and standard error of the predicted value. The measured value was assumed to be correct, with the standard error all being associated with the predicted value.
RESULTS AND DISCUSSION
Runoff and Sediment Discharge
Mean annual discharge for each watershed is reported in Table 2 . The values reflect rainfall amounts somewhat higher than the long-term average amounts, so discharge was probably slightly above normal for the area as a whole. Both RT and NT practices were very effective, compared with CT, in reducing sediment discharge. For example, mean annual loss for watershed FR7 (NT) was only 410 kg ha-1 , compared with 10 000 kg ha-' for watershed FR6 (CT). Despite the large differences observed, however, they were not always statistically significant (P = 0.05). Such situation reflects the problem inherent in attempting to apply statistics to large, unreplicated field areas and is further complicated by the erratic timing and intensity of rainstorms in the Southern Plains. Although the majority of storms occur in the spring, when a good wheat cover usually exists for all the tillage practices, the most damaging storms can occur occasionally in early fall when the CT practice involves considerable amounts of bare soil surface. Then, the RT and NT practices with residues on or near the soil surface are particularly effective in reducing erosion. Nevertheless, only CT practices at El Reno (FR6) and Woodward resulted in mean annual soil losses that approached or exceeded T values (Soil Conservation Service, 1979) of 11 000 and 5 550 kg ha-' for the respective locations. By way of overall comparison, mean annual sediment discharge from the native grassland watersheds was almost negligible.
Unlike sediment discharge, relative differences in amounts of surface water runoff among wheat cultural practices were often small, and exhibited no general trends. A notable difference, however, was observed at Bushland where mean annual runoff for RT was 1.4 cm, compared with 3.1 cm for NT. This greater than twofold increase for NT is attributed to increased soil crusting and reduced surface soil water storage capacity (Jones et al., 1987) . At two locations, El Reno and Bushland, the amount of surface water runoff was similar to the native grassland watersheds. Otherwise, it tended to be considerably greater, though the differences were not uniformly statistically significant (P = 0.05).
Nutrient Discharge
Concentrations
Flow-weighted, mean annual nutrient concentrations in surface water runoff from the watersheds are summarized in Table 3 . Included are N and P forms, pH, and specific conductance (to reflect general salt concentrations). The values, primarily of interest from a water quality standpoint, represent dissolved nutrient levels, except for TKN and TP, which are associated mainly with suspended sediment.
In the case of N, NO-N concentrations below 10 and 100 mg L-' are considered acceptable for potable human and livestock purposes, respectively. Ammonium-N concentrations below 0.5 mg L-' are recommended for potable human purposes, while contents above 2.5 mg L-' may be harmful to fish (USEPA, 1973) . The results here indicate that mean NO-N concentrations (<3 mg L-') are well within these limits and the NH-N concentrations are either within or close to recommended limits. Moreover, it bears noting that the NOi-N and NH-N concentrations observed in runoff from these watersheds are frequently below corresponding values in rainfall (Sharpley et al., 1985b) . This indicates the watersheds act as filters or sinks in removing soluble N in runoff (Schuman and Burwell, 1974) , and suggests there would be little point in attempting to predict the soluble N runoff concentrations on the basis of soil N characteristics. In the case of P, SP concentrations above 0.01 mg L' and TP concentrations above 0.02 mg L-' have been suggested as levels that, if exceeded, may accelerate the eutrophication of lakes and impoundments (Sawyer, 1947; Vollenweider, 1968) . Both SP and TP levels observed here (Table 3) were above these critical levels, often by more than an order of magnitude. This was the case not only for the wheat watersheds, but also for the unfertilized, grassland watersheds. Moreover, P concentrations in the area's rainfall can also exceed the critical levels (Sharpley et al., 1985b) . Consequently, attempting to attain or maintain P concentrations in Southern Plains surface runoff waters below the critical levels would appear to be unrealistic. With regard to the other parameters, neither pH nor conductivity posed a water quality concern.
It bears emphasizing that the concentrations in Table 3 represent flow-weighted, mean annual averages. Considerably higher concentrations may be observed for individual storms. Generally, this is the case only if an intense storm occurs within a few days after surface broadcast application of fertilizer and no incorporation. For instance, in March 1988, a 75 kg N ha' surface broadcast application (as urea) was made to the El Reno NT watershed. A next day storm yielded an NH-N mean runoff concentration of 10.4 mg L-'. The effect is not long lasting, though, and often by the next runoff event the N concentration is close to background (i.e., before N fertilizer application).
Amounts
Mean annual amounts of the nutrients in surface water runoff are summarized in Table 4 . Besides providing information on potential nutrient loading to water bodies, the values are of interest from a soil fertility/conservation standpoint. For the wheat watersheds, amounts ranged from 25.8 kg TKN ha-' at the El Reno CT watershed to 0.02 kg NH-N ha-' at the Bushland RT watershed. As expected, sediment associated TKN and TP losses were less with RT and NT, than with CT. In the case of the soluble nutrient forms, the situation was often reversed. For both situations, however, differences were not always statistically significant (P = 0.05). Overall, mean soluble losses for the wheat watersheds were <3.2, <1.6, and <1.1 kg ha-' yr', respectively, of NO-N, NH-N, and SP. Comparable amounts received from rainfall in the area are about 3, 3, and 0.06 kg ha-' yr', respectively (Sharpley et al., 1985b) . Therefore, net losses of soluble Data from Smith et al. (1983) . Because these data are from an earlier period, they have not been included in the statistical analysis. § Not determined. t For a location, values in a vertical column followed by the same letter are not different statistically (P = 0.05), according to Duncan's multiple range test.
Data from Smith et al. (1983) . Because these data are from another period, they have not been included in the statistical analysis. nutrients in surface water runoff were small, and often approached or exceeded by rainfall contributions. In the case of the grassland watersheds, both soluble and particulate nutrient losses tended to be considerably less than those for comparable wheat watersheds. While the net annual amounts of the nutrients lost in surface runoff from the wheat watersheds are fairly low, frequently <1 kg N or P soluble form ha-', they do provide some insight regarding variations within and among nutrient forms that may be expected from different tillage treatments. In general, RT and NT wheat cultural practices were much more effective in reducing particulate than soluble nutrient losses. Even so, from a soil fertility standpoint both nutrient form losses are considered fairly minor.
Prediction of Nutrient Losses in Runoff
Accurate prediction of nutrient transport in surface water runoff is a prime requisite for environmental water quality models. A recently developed desorption equation (Sharpley et al., 1988) was used here to predict SP losses in surface runoff from the wheat watersheds. This equation is more versatile than conventional transport equations involving partition coefficients or equilibrium relations (Sharpley and Smith, 1989) . The equation may be stated as:
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where Fr = average SP concentration of an individual runoff event (mg L), P, = available P content (mg kg-') of surface soil (0-50 mm) before each runoff event, E = effective depth of interaction between surface soil and runoff (mm), B = soil bulk density (Mg rn 3), t = event duration (mm), W = runoff water/ soil (suspended sediment) ratio, V = total runoff during the event (mm), and K, a and 3 = constants for a given soil. In the case of sediment associated nutrients, a relationship between enrichment ratio (chemical content of sediment/source soil) and soil loss was used (Sharpley et al., 1988) . Figure 1 illustrates the good fit (r2, generally 0.9 or better) obtained between predicted and measured P values for the different wheat cultural practices. While not shown here, similar good fits (r2, generally 0.9 or better) were obtained for particulate N. Consequently, SP and particulate P and N in runoff were predicted accurately for all three tillage practices.
No prediction data are presented regarding soluble N in runoff. This is because the main constituent, NO, is not closely related to that of the surface soil (Sharpley et al., 1985a) . Soil NO 3 tends to move down the soil profile with the initial infiltrating water, away from the zone of runoff removal. Table 5 contains results for soluble N (NO 3 and NH), P, and pH of watershed well samples at El Reno and Woodward. For the most part, the results indicate no major contamination of the groundwater associated with wheat culture. The noteworthy exception is the El Reno NT watershed, which had an overall average of 12.6 mg NO-N L, and a maximum observed value of 34.4 mg NO 3 -N L-'. Because this situation did not exist prior to initiation of the study, and the values appear to be increasing annually (Naney et al., 1988) , the data are considered to reflect the potential for NO contamination under certain NT conditions. This may be because more undisturbed large soil pores and burrows can exist under NT. In addition, there is less evaporation of water from the soil profile and, consequently, less movement of NOi upward toward the soil surface. On the other hand, the NT watershed at Woodward, with a lighter-textured soil and less precipitation, exhibited more acceptable NO 3 levels in groundwater. Therefore, statements regarding NO groundwater quality associated with NT wheat culture in the Southern Plains should be made with caution and reservation.
Nutrient Concentrations in Watershed Wells
To follow up on the question of NO in groundwater associated with NT, the NT watershed at El Reno was sampled subsequently to the 180-cm soil depth, to ascertain whether NO 3 was accumulating below the wheat rootzone. Maximum soil values observed were in the order of 5 mg NO-N kg-', with no evidence of buildup. Nevertheless, to obtain a more complete view of the situation, we plan a continual monitoring of the soil profiles.
GENERAL DISCUSSION
The results for these Southern Plains wheat watersheds indicate RT and NT cultural practices are superior to CT for reducing sediment and particulate nutrient discharge. Differences, however, among practices regarding soluble nutrient discharge and amount of surface water runoff tend to be less pronounced. Irrespective of practice, annual nutrient losses in runoff were rather small (e.g., often <1 kg soluble nutrient form ha-1 ). Even so, successful prediction of soluble P and particulate N and P losses was achieved using appropriate kinetic desorption and enrichment ratio approaches.
In the case of soluble N forms (i.e., NO and NH) in runoff, none of the practices posed a particular water quality problem. In the case of P, however, both SP and TP frequently exceeded the proposed 0.01 and 0.02 mg L respective critical levels for eutrophication. This was the case even for baseline, unfertilized native grassland watersheds, indicating the general impracticability of attempting to meet such stringent P criteria.
With regard to groundwater quality, the major concern centers around the elevated NO 3 levels (e.g., 34 mg N L maximum) observed at the El Reno NT watershed. Consequently, current plans are to monitor the El Reno location closely, and also determine whether management (i.e., more precise timing and placement of N fertilizer) can reduce the El Reno groundwater NO 3 levels.
